This is the second paper in a four-part sequence that examines the nature of mantle layering using the ScS n phases and internal reflections observed within the reverberative interval of SH-polarized seismograms. Mantle reflectivity profiles for 18 seismic corridors sampling portions of Indonesia, Australia, and the western and central Pacdic are constructed from low-frequency (25-mHz) ScS reverberations; i.e, ScSn-type phases reflected once from internal mantle discontinuities. Modeling the reflectivity profiles using synthetic seismograms yields precise, path-specific estimates of the travel times to the 410-km and 660-km discontinuities and their reflection coefficients. The data are consistent with an olivine-dominated model of the transition zone, marked by two major phase transitions having average apparent depths of 414 q' 2 km and 660 q' 2 km and impedance contrasts of 0.046 q' 0.010 and 0.072 q' 0.010, respectively. The interpath variations observed in the reverberation travel times imply that the topography on the two discontinuities is of the order of 20 km (peak to peak) and is negatively correlated, consistent with an endothermic transition at 660 km whose Clapeyron slope magnitude is comparable to that of the 410-km (exothermic) transition. In the case of the 660-km discontinuity, we have been able to supplement these long-wavelength (1500-5000 km) observations with an estimate of intrapath topography, inferred from the frequency dependence of the 660-km reflection coefficient, which gives peak-to-peak variations less than 40 km on scale lengths of 500-1500 km. For the 660-km discontinuity, the observed topography is significantly less than the dynamic topography expected for a simple compositional interface in regions of subduction. However, we do observed an intriguing negative correlation between the apparent depth and the reflection coefficient of the 660-km discontinuity which may involve small compositional variations. Plausible explanations for this correlation include heating of an initially cool chemical boundary layer gravitationally trapped above an endothermic phase transition, loss of reflected energy due to local curvature (or roughness) of the reflector, and/or extreme topography occurring on a small compositional component to the discontinuity (<40% of the total impedance contrast). By stripping the 410-km and 660-km peaks from the composite path reflectivity profile, we identify three minor reflectors at mean depths of 520, 710, and 900 km. The shallowest may mark the •phase 4 ?spinel phase transition. The 710-km discontinuity can be auributed to the ilmenite (gameO --> perovskite phase transition, although changes in perovskite symmetry can potentially provide explanations for both the 710-km and 900-km features.
INTRODUCTION
The dynamics of the midmantle transition zone, Bullen's region C, has been vigorously debated for 40 years. The controversy was launched in 1950 at the first major conference on mantle convection, when F. Birch announced that region C contained phase changes, and probably chemical changes, that would act to impede convection (which see, Gutenberg et al., 1951) . The vigorous discussions which followed Birch's pre- ...we conclude that the hypothesis of rigorous stratification of convection into an upper mantle system and a lower mantle system of differing compositions is not consistent with the available seismological data. [Jordan et al., 1989, p101] ... a model of uniform mantle composition is not compatible with the data available from seismology. Rather, all indications are that a change in composition is required at 670 km depth and that the mantle is stratified. [Jeanloz, 1989, p252] Evidently, the bible of seismology can be read in more than one way. The difficulty, of course, is that the inferences from seismology regarding chemical composition and dynamical behavior are indirect, and the relative emphasis and interpretation accorded the different observations can lead to disparate conclusions, especially when attempts are made to combine the seismological data with information from geochemistry and high-pressure mineral physics.
Transition
Zone Discontinuities almost universally accepted, the ability of the phase transitions to explain all of the properties of the 410-km and 660-km discontinuities has been questioned by many authors. For example, Bass and Anderson [1984] conclude that the jump in elastic parameters near 410 km requires a chemical change as well as a phase change, which Anderson and Bass [1986] take as support for their compositionally and convectively stratified model of the upper mantle. An even larger diversity of structural and dynamical models has been promulgated to account for the 660-km discontinuity. Because its depth nearly coincides with the seismicity cutoff in deep-focus zones, the possibility that the 660-km discontinuity marks the lower boundary to an upper mantle circulation system has been a subject of speculation since the early days of plate tectonics [lsacks et al., 1968] . One school identifies it with a change in major element composition large enough to act as barrier to slab penetration, thus requiring the mantle to be convectively stratified [McKenzie and Weiss, 1975; Liu, 1979b ; Lees et al., 1983; Anderson and Bass, 1986] , whereas another considers it to be a simple phase change whose negative Clapeyron slope perhaps modulates the vertical convective flux but does not prevent slab penetration and concomitant mixing between the upper and lower mantle [Jordan, 1975; Hager et al., 1983; Creager and Jordan, 1986] . A third faction allows a chemical change at 660 km but permits slab penetration through this discontinuity, with slab material later recirculating back to the upper mantle without much mixing into the lower mantle [Silver et al., 1988] , while a fourth prefers neither, postulating that slab material accumulates above the phase transition in "megaliths" forming a chemical boundary layer in the transition zone without necessitating or inducing a chemical difference between the upper and lower mantle [Ringwood, 1982; Ringwood and lrifune, 1988] .
These various hypotheses make different predictions regarding the properties of the transition zone discontinuities. For example, topography on an equilibrium phase change in an isochemical region is determined by the lateral temperature variations local to the discontinuity and is thus expected to be relatively small; the Clapeyron slopes and the temperature contrasts predict amplitudes of a few tens of kilometers [Schubert et al., 1975] . A chemical discontinuity with a jump in intrinsic density sufficient to inhibit plate-driven convection behaves very differently. In this case, interface topography plays a role in dynamically supporting density variations integrated throughout the layers above and below the discontinuity, and its amplitude is expected to be much larger, perhaps several hundred kilometers in regions of active subduction [e.g., Hager and Raefsky, 1981; Christensen and Yuen, 1984] . In a stratified mantle, therefore, a chemical discontinuity and a phase boundary cannot coincide at all geographic locations, even if their average depth is the same; a transition zone containing one or more chemical discontinuities should consequently exhibit structural complications.
Types of Seismological Data
High-resolution maps of elastic properties should be able to discriminate between end-member models; e.g., the structural complexity of a stratified transition zone versus the simplicity of an isochemical region. Hopes have recently been raised that tomographic methods for imaging the three-dimensional structure will provide such maps. Unfortunately, the geographic distributions of seismic sources and receivers are so limited that direct-phase tomography [e.g., Dziewonski, 1984; Grand, 1987] and the more sophisticated techniques of whole seismogram inversion [Woodhouse and Dziewonski, 1984; Tanimoto, 1987 Tanimoto, , 1988 Dziewonski and Woodhouse, 1987 ] have thus far only been able to recover estimates of elastic-wave speed variations averaged over rather large vertical and horizontal dimensions. These techniques have particular problems in trying to image the midmantle transition zone, because here the vertical velocity gradients generally exceed the horizontal gradients, thereby invalidating certain assumptions needed to linearize the inverse problem. Moreover, the broad averages that they do resolve cannot be easily employed to distinguish volumetric heterogeneity, say due to temperature, from the topography of upper mantle discontinuities, say due to chemical changes.
More specific information about discontinuity structure is badly needed. Although the means to convey this information exists among the numerous families of seismic waves refracted, reflected, and converted by the transition zone discontinuities, the energy scattered across the seismogram by any particular feature tends to be masked by larger arrivals, and the extraction of precise data tums out to be observationally difficult. Some progress has been reported using precursors to P'P' [Engdahl and Flinn, 1969; Whitcomb and Anderson, 1970; Nakanishi, 1988] and PP [Bolt, 1970; Ward, 1978; Souriau, 1986; Wajeman, 1988] , and mode-converted P and S waves [Vinnik, 1977; Vinnik et al., 1983; Faber and Miiller; Paulssen, 1985; Richards and Wicks, 1990 ], but such studies have thus far not delivered the range and quality of data needed to make many definitive statements about geographical variations in the properties of the transition zone discontinuities (see, however, Shearer [1990] 
METHODOLOGY
The analysis in this paper follows the seismic taxonomy discussed in RJ87, the methodology developed in RJ89, and the results obtained in ML1; the latter gives an overview of the subject that should be sufficient for most readers, although some of the methodological details discussed in RJ89 are not repeated in either ML1 or here. Our objective is to construct an estimate of the normal-incidence reflectivity function In this expression, Is(z ) = p(z) Vs(Z ) is the impedance at a depth z for SH-polarized shear waves, zst and z½ are the depths of the M discontinuity and CMB, respectively, and 6z is an appropriate depth scale, set by the seismic wavelength (see below).
Migration and Stacking of First-Order Reverberations for Mantle Reflectivity Profiles
Our scheme for processing seismograms is a hierarchical, two-stage algorithm based on the Born approximation, which in the present context states that reverberations of order k+ 1 are small enough to be ignored in the analysis of kth-order reverberations. The first stage inverts the zeroth-order ScS• and sScS• phases for their travel times, attenuation factors, and other quantities describing their waveforms, then strips them from the seismogram. In ML1, we applied this waveform inversion algorithm to the phases with reflection numbers n = 2-4 from 204 seismograms grouped into 18 seismic corridors, each specified by a source region and a single receiver. This same data set and corridor groupings are used here (Figure 1 and Table  1 
The forward problem for d sc"t is linearized with respect to the reflectivity profile Ro(z) by this Born approximation, I Ro(z)g(z)dz + n = d""
The vector g(z) is the first-order response due to a discontinuity with unit reflectivity at depth z; that is, it is a set of synthetic seismograms comprising the topside reverberations {ScS.,Sz+S} and {sScS.,Sz+S} and the bottomside reverberations {ScS.,Sz-S} and {sScS.,Sz-S}. These synthetics, which we shall call discontinuity response functions (DRFs), are computed by asymptotic ray theory using a model that satisfies the crustal and whole-mantle parameters determined in our firststage processing; these include the two-way vertical ScS travel time Xscs, the whole mantle quality factor Qscs, the two-way crustal time 'rst, the M discontinuity reflection coefficient R0(zst), and several source location and excitation parameters. The noise vector n represents the scattering due to higher-order reverberations and aspherical structure as well as ambient noise and is assumed to have zero mean and autocovariance V.. Owing to data deficiencies that will be discussed momentarily, the inverse problem for (3) is fundamentally ill-posed. The numerical instabilities associated with its nonuniqueness can always be handled by applying regularizing techniques, but we have found such algorithms usually yield results that are difficult to interpret. Instead, we take a more physical approach and construct an approximate solution by matched filtering the reverberative interval using the synthetic seismograms contained in g:
gT(Z) V; 1
As discussed in RJ89, this algorithm is closely related to what is called Kirchoff migration in crustal reflection seismology [Schneider, 1978] . Its principal advantage is that the nonuniqueness inherent in the inverse problem is exhibited in a straightforward fashion, which we shall now describe.
Equation ( 
where z' is the depth whose vertical travel time satisfies x' z, = 'rsc s -'rz. Equation (7) expresses the simple fact that, at vertical incidence, the topside reflections from a unit discontinuity at z arrive at the same time as the bottomside reflections from One at z', but with opposite polarity. For the distance ranges and reflection numbers sampled along a typical corridor in the present data set (A < 1 tad; n > 2), the relative moveout among the phases { ScSn,Sz+S } and { ScSn,Sz'-S } is only a few seconds, and Resolving the mirror plane ambiguity within a few hundred kilometers of the free surface and CMB is obviously trickier, because significant impedance variations are thought to be located in both regions. As we shall discuss in ML3 and ML4, discrimination between the two possibilities requires that we make use of other types of seismological data or appeal to geographic correlations between the reflectivity results and other structural indicators, such as surface tectonics.
Fitting the Reflectivity Profiles With Simple Layer Models
The convolution by C,• in equation (8) For the 18 corridors analyzed in this study, the single largest correction in the apparent depth of either of these major discontinuities owing to differences between parsimonious and preferred models was less than 3 kin, with similarly small emendations to the reflection coefficients.
Apparent Depths and Apparent Impedance Contrasts
Because the differential moveout among the reverberation phases is very small, the migration is not at all sensitive to velocity gradients in the mantle and returns only the vertical travel times •,. Therefore, the location of the discontinuities cannot be determined directly but must be estimated from ( Table 1 . Finally, additional corrections were applied to these times to account for large-scale aspherical velocity variations, as discussed in the next section.
Like the apparent depths, the apparent impedance contrasts R0(410) and R0(660 ) were estimated by measuring the observed reflectivity peaks relative to the values predicted by simple layered models. Frequency-independent reflection coefficients were used in all of the model calculations, so that the impedance increase associated with a particular discontinuity is thus assumed to occur over a depth interval small compared to the seismic wavelength X0 = 2nv,/tøo, where t00 is the center frequency of the pass band. At a center frequency of 25 mHz, the wavelength in the transition zone is approximately 150 km. tions imply that the standard measurement errors for these corridor-averaged vertical travel times should rarely exceed 1.5 s. Therefore, the observed dispersion is indicative of significant subcrustal inhomogeneifies. Variations in the travel times of reflected phases can arise from two sources: volumetric heterogeneity distributed throughout the manfie, and topographic relief occurring on the reflectors themselves. Clearly, the present data set alone is insufficient to separate the two contributions. For each corridor, we measure only two times ('rnl 0, 'r66o) but require four parameters (two average velocities, two discontinuity depths). Inferences regarding the corridor-to-corridor variations in the topography of the transition zone discontinuities thus require additional information and/or assumptions. We take two approaches. The first relates variations in the two-way differen- to temperature differences in the transition zone assuming values of the Clapeyron slopes and thermal derivative of shear velocity, whereas the second attempts to correct for volumetric heterogeneity using large-scale tomographic models.
Temperature Variations From Transition Zone Travel Times
The 16 transition-zone times listed in Table 1 One objection to this correction scheme is that some of the effects of discontinuity topography may have been mapped into the volumetric perturbations of M84C and L02.56. The travel time variation associated with a vertically propagating wave transmitted through a discontinuity with velocity jump Av perturbed by some amount 6z is ...6zAv/v 2, compared to ...L6v/v 2 for a volumetric perturbation 6v over a path length L. Since Av/6v is of order unity in the upper mantle and &/L is large for teleseismic waves, we believe that this coupling is small enough to be ignored in the analysis of the reflection times, where the topographic effect scales as 2&Iv and is thus an order of magnitude larger than for transmitted waves. Moreover, our data show that the topographic variations at 410 and 660 km have nearly equal magnitudes but opposite signs, as predicted by the laboratory data on Clapeyron slopes (see Figure 6 ). Hence individual contributions of the two topographic perturbations will tend to cancel in both the transmitted P-wave data used to obtain L02.56 and the surface wave data used to obtain M84C, and the net effect should be very small It should be stated, of course, that our sampling of the mantle is not global in extent, and our averages may be biased by regional effects, such as the preponderance of subduction zones in the study area. Significantly greater global data coverage is currently possible if shallower earthquakes are used as sources. Although shallow-focus events typically produce ScS reverberations with lower signal-to-noise ratios, the derivation of reflectivity profiles from these data appears to be feasible, allowing a much more global sampling. 660-km discontinuity were increased in magnitude from its laboratory-derived value, which appears to predict too small a variation in topography relative to the 410-km discontinuity. The observation that the topography on these two discontinuities is similar in magnitude but opposite in sign was made in RJ89.
We draw two primary conclusions: (1) topographic variations with peak-to-peak amplitudes of 15-20 km on 410-km and 660-km discontinuities can explain the path-to-path differences in travel times, and (2) these variations consistent with the topography expected on simple phase boundaries perturbed by convection-induced thermal variations in an isochemical transition zone.
Small-Scale Topography From the Splitting of First-Order Reverberations
Because of the dense sampling afforded by first-order reverberations, 'r'n• 0 and 'r'660 are good path averages, and the variations of these quantities among seismic corridors are thus indicative of long-wavelength heterogeneity in the transition zone. In addition to these path-to-path variations, the reverberation techniques developed in RJ89 allow us to estimate along-path lateral heterogeneity on a significantly smaller scale. The basic idea is that inhomogeneities encountered along a single seismic corridor by the various rays in the dynamic family or "multiplet" of a first-order reverberation pulse will result in travel time perturbations that "split" the multiplet, which can then be observed as pulse broadening.
Because the migration process averages over many reverberation families, a peak in the reflectivity profile will resemble the expected value of the cross correlation between split and unsplit reverberation multipiers mapped from lag-time to depth, as discussed in RJ89. Many sources of heterogeneity It is clear that the seismological constraints on discontinuity topography from this paper and elsewhere, together covering more than a decade in wavenumber, argue persuasively against an entirely compositional origin for the seismically observed discontinuity. We emphasize, however, that the seismological evidence for topography on what is almost certainly a phase transition does not preclude compositionally stratified convection or, more generally, the existence of a chemical difference between the upper mantle and lower mantle, since a compositional discontinuity, especially one involving an inverse correlation between velocity and density due to a change in iron content, may not be associated with a significant jump in impedance.
or --40 km peak to peak, at horizontal scale lengths ranging from ~150 km (half of the first Fresnel zone at 25 mHz) to ~1500 km (haft of the average epicentral distance). Given the possible sources of upward bias, our preferred estimate is o'66o --2 s. For comparison, the standard deviation of 'r'c,c,0 in Table 1 Table A1 of ML3). In this section, we use these estimates to obtain average values of the impedance contrasts across these interfaces, and we document an intriguing correlation between the interpath variations of R0(660) and •"tm which may have dynamical significance.
Average Values
As discussed in the previous section, we attribute the systematic decrease in the average value of R0 (660 ) 
Regional Variation of Ro(660)
Although individual estimates of the low-frequency asymptote of R0(660 ) are subject to considerable uncertainty (standard errors of _+ 0.015, or ~20%, are typical), a plot of the 6-mHz estimates of R0(660 ) against 't"•s• shows a strong, positive correlation (Figure 9) , indicating that the reflection coefficient is larger when the discontinuity is shallower. The explanation of this correlation, which is statistically significant at the 97% confidence level, is uncertain, but it appears to be related to the interaction between the discontinuity and subducting slabs: excluding corridors whose sampling of the transition zone is most concentrated in regions of active deep subduction degrades the correlation considerably, reducing it to statistical insignificance. (Recomputing the average using this reduced data set raises the bias-corrected estimate of R0 (660) The second mechanism is based on Ringwood's hypothesis that cold, dense "megaliths" accumulate on the 660-km discontinuity by gravitational trapping of the harzburgitic and at least some accompanying crustal components of subducted oceanic lithosphere. Such megaliths would displace seismically slower, more buoyant, upper mantle material, thus depressing the endothermic 7-spinel ---> perovskite + magnesiowtistite transition and reducing the impedance contrast. In addition to explaining the correlation in When apparent on individual corridors, we have incorporated these features in the preferred models presented in the appendix of ML3. Given the fairly small number of seismograms sampling a single seismic corridor (5-20) and the band-limited nature of the data, the resolution of the individual profiles is limited to discontinuities with impedance contrasts greater than 2-3%, and some of the discontinuities incorporated into the preferred models are at, or even slightly below, the formal detection threshold. In ML3, we justify our choice of reflectors by the consistency of the reflectivity profiles from corridor to corridor. Here we investigate the f'me structure of the transition zone using multicorridor stacks.
Residual Reflectivity From a Multicorridor Stacked Profile
Variance-weighted stacking of the reflectivity profiles from many seismic corridors provides an objective test of the broadscale consistency of minor features. Stacking over the entire 18-profile suite produces as much as a four-fold improvement in the signal-to-noise ratio, allowing us to resolve reflectors as small as Ro(z)= 0.5%. Doing so, however, damps the signature of any discontinuity with apparent topography much greater than roughly one-eighth of the local seismic wavelength, analogous to the effects of splitting on single-corridor stacks. In the the case of the 520-km peak, a similar discontinuity is observed on the majority (15) of individual data profiles. As modeled in the preferred synthetic profiles of ML3 (see Figure 3 for an example), the reflector is manifested as a greater-than- Figure 10 is only about half of this value. Some of the discrepancy can probably be ascribed to interpath topography and volumetric heterogeneity; the standard deviation in apparent depths obtained from individual profiles, + 30 km, is larger than that obtained for the two major discontinuities. We note, however, that the apparent depths of the 520-km discontinuity do not display any tectonic correlation, nor do they correlate with the depths of the 410-km and 660-km discontinuities, suggesting that much of the scatter arises from measurement error. Figure 10 indicates the existence of a second peak in Ro(z) approximately 50 km beneath the 660-km discontinuity, which can be interpreted as an abrupt 1.5-3% increase in shear wave impedance at a depth of 710 km (R0(710) = 0.75-1.5%). We detected a feature at this same depth in the multicorridor stack of RJ89, which involved only a subset of the data used here. The modeling of the individual reflectivity profiles yields evidence for this discontinuity in 7 of 18 profiles (see the appendix of ML3 for examples). The seismic literature contains a number of references to a velocity discontinuity near this depth [e.g., Hart, 1975; Datt and Muirhead, 1976; Fukao, 1977; Muirhead and Hales, 1980] . Sobel [1978] finds evidence for a reflector at this depth in precursors to P'P', for example, and such a discontinuity might be responsible for the slope change in the uppermost portion of the PREM lower mantle.
As with the 520-km discontinuity, there is a strong tradeoff between the exact placement of this reflector and its inferred strength, the latter being very difficult to constrain owing to the interaction with the strong sidelobe of the 660-km discontinuity. The depth and reflection coefficient obtained by averaging the values from individual profiles are 744 + 10 km and /?0(710) = 0.020 + 0.004, and their medians are 750 km and 0.016, respectively. The discrepancy between the depth inferred from individual reflectivity profiles and the value obtained from the multiprofile stack implies a bias in our singlecorridor models, probably due to the existence of the strong negative sidelobe associated with the 660-km discontinuity, which may drive the depth estimates to higher values or prevent the resolution of this feature on profiles where the 660-km and 710-km discontinuities are closer together. We note that the depression of the 660-km discontinuity occurring within slabs beneath the source regions does not appear to provide an adequate the 710-km feature; the transition would be inclined at too great an angle to the horizontal and distributed over too small a portion of the minor arc path to stack coherently.
The positive impedance contrast at 900 km was also observed in RJ89. Strong An alternative interpretation, arising from the depth ambiguity, allows these three discontinuities to be explained by impedance decreases in the mid-lower mantle. Because of the seismological precedents favoring their location in the transition zone, we consider this alternative to be less plausible; moreover, it would be considerably more difficult to reconcile with current models of mantle mineralogy. From measurements of single-crystal elastic properties, Weidner et al. [1984] concluded that the phase transition of/•-phase --> T'-spinel in forsterite was too broad and associated with too small a change in acoustic velocity to produce a discontinuity observable using high-frequency seismic waves. The best recent estimates yield a width for the two-phase region of-25 km [Katsura and Ito, 1989 ]. For SH waves whose wavelengths are much greater than this length scale, Weidner's data imply a reflection coefficient of 1.6% at STP in a pure olivine mantle. Estimates relevant to the (P, T) conditions at 520 km made from the elasticity database of Duffy and Anderson [1989] range from 1.65% to 1.8% depending on the choice of adiabat and Fe content. Making corrections for the percentage of olivine expected in the mantle (< 70 vol.%) and the finite wavelengths of the ScS reverberation reduces the predicted reflection coefficient to about 1%. Our preferred estimate of the average observed value, derived from individual profiles, is 1.4-2.0%, where the range indicates the uncertainties associated with correcting the apparent reflection coefficient for multiplet splitting effects. Taken at face value, the observed impedance increase would appear to be slightly too large to be explained entirely by the /Lphase --> T'-spinel transition. It is possible, however, that the estimates from the individual profiles are biased too high, and the actual reflection coefficient for the 520-kin discontinuity is more in line with the lower value obtained from the multiprofile stack, which would eliminate the discrepancy. Given the degree of uncertainty in both the reverberation results and the mineral physics data, this is our preferred hypothesis.
A second hypothesis which has received some attention in the literature, especially in regards to the shallower 410-km discontinuity, appeals to solid solution reactions in the pyroxene-garnet (majorite) system. Although there is not complete agreement on the pressure and temperature range of equilibrium, it appears that the transition of aluminous pyroxene to garnet is too spread out (> 100 km) to produce an observable reflection even at the low frequencies used in our experiments [e.g., Bina and Wood, 1984; Irifune, 1987] One possible mineralogical explanation for the 710-km discontinuity is the ilmenite --• perovskite phase transition [Liu, 1977] . The observed reflection coefficient R0(710) is 0.75-1.5%, but because of the bias due to splitting, we favor an estimate near the upper end of this range. If the garnet component constitutes 20% of the mantle at this depth, the impedance increase for ilmenite --• perovskite transition would thus have to be about 15%. Assuming 8(lnp)/8(lnvs)= 0.7 yields a 8.3% increase of velocity and a 5.8% increase in density across the transition. Liu [1977] measured a 7.4% change in zero-pressure density for the transformation to perovskite structure, in reasonable agreement with the seismic estimate, and predicted a stability field for aluminous ilmenite which extends several gigapascals beyond that of T'-spinel, again consistent with the seismic estimate. Although the reaction offers a plausible explanation of our data, we must be cautious in comparing seismic values with sparse mineral physics data obtained at STP. There is also some question about the validity of Liu's experimental identification of perovskite [Kraft and Knittie, 1990 ].
An alternative, which we mention but do not favor, is a decrease in the crystal symmetry of perovskite. While such transitions have been observed in analog compounds and are predicted by Wolf and Bukowinski's [1985] ab initio calculations for silicates, they have yet to be observed in MgSiO3 perovskite. It is possible that the activation energies of these reactions are sufficiently high that they do not occur in short-duration static compression experiments and have thus gone undetected, though given the small grain sizes common to these experiments this seems highly unlikely. Nonetheless, changes in crystal symmetry of perovskite could conceivably explain both of the lower mantle discontinuities; namely., cubic --• tetragonal symmetry at 710 km and tetragonal --• orthorhombic symmetry at 900 km. The latter reaction would have difficulty in accounting for the brighter 900-km reflectors along C2 and C12; these particular observations suggest the existence of some structural anomaly, such as a horizontally inclined slab in the lower mantle beneath the New Hebrides region. We note, however, that the 900-km discontinuity persists in stacks which do not include these two anomalous profiles (e.g., the one presented in RJ89), and some radial change in either chemistry or phase is indicated. At the present time, the precise nature of this change is not known.
CONCLUSIONS
The ScS reverberation data examined for portions of the western and central Pacific, adjoining marginal basins, and Indo--Australia are consistent with a simple model of the transition zone bounded by phase transformations with average depths of 414 km and 660 km relative to the PREM. When sampled at long length scales (500-5000 km), topography on the two discontinuities appears to be negatively correlated; assuming the temperature anomalies that produce topography in this model are coherent in both sign and magnitude over the entire depth extent of the transition zone implies an endothermic 660-km discontinuity, in accordance with recent laboratory measurements. The relative magnitude of topography on the two discontinuities is consistent with Clapeyron slope estimates for the olivine --• ]Lphase, and T'-spinel --• perovskite + magnesiowiistite systems, while the absolute topography implies ~200øC long-wavelength temperature variations in the transition zone beneath the sampled regions. More speculatively, a correlation between the depth and magnitude of the 660-km discontinuity ('t"Ls • and R0(660), respectively) may be explained by, but by no means requires, extreme deflection of a small (Re< 4%) compositional interface. Out-of-plane scattering from a rough, but purely isocompositional, interface, or the presence of a dense chemical boundary layer (CBL), or "megalith", gravitationally trapped upon an endothermic 660-km discontinuity reduce maximum permissible Re, although the latter mechanism appears improbable on geodynamic grounds. At present the data are neither abundant enough nor precise enough to distinguish amongst these candidates, and the veracity of the primary correlation remains to be proven.
Evidence for small impedance increases at depths of 520 km, 710 kin, and 900 km is found in multiprofile stacks of upper mantle reflectivity and a number of individual profiles as well (ML3). The shallowest of these features is most plausibly related to the phase transition •-phase --• T'-spinel, requiring a midtransition zone rich in olivine. A second possibility is the high-pressure transition to perovskite structure in diopside. The 710-km discontinuity could mark the ilmenite --• perovskite transformation, but the mineral physics data needed to evaluate this hypothesis are lacking, nor is there unanimity regarding the pressure range of the transformation. Changes in silicate perovskite crystal symmetry offer a possible explanation of both the 710-kin and 900-km discontinuities but are yet to be observed in major manfie constituents.
The constraints imposed on these seismological minutae obtainable from first-order reverberations will continue to improve with the accumulation of greater stores of data, and have the potential to tell us much about the mineralogy and dynamics of the all important transition zone.
